INTRODUCTION
Occurrence of accidents in nuclear power plants, application of nuclear weapons in war and improper disposal of experiment apparatus and medical devices with residual radiation in research institutes and hospitals leave behind much radiation, which may cause serious problems. Radiation may induce various disorders (Alamri et al., 2012; Ma et al., 2014) , potentially affecting the function and life of somatic cells, leading to serious diseases including cancer and neurodegenerative diseases (Bioteux, Guillet, 2004; Rooney, Patil, Zappala, 2008) . Ultraviolet radiation can also cause DNA damage, which has an impact on human health. Furthermore, radiotherapy can cause damage to normal cells when killing tumour cells (Georg et al., 2009; Bölling et al., 2011; Echeveste, Agustí, Dachs, 2011) , which greatly influences the curative effects on patients. Analysis of genomic instability by testing chromosome aberrations in the offspring of one or both irradiated parents demonstrated significantly higher agglutination factor (AGF) than in the children of non-irradiated parents (Aghajanyan, Suskov, 2009; Aghajanyan et al., 2011) so there is an urgent need to look for new methods of protection against radiationinduced damage.
Previous studies showed that intravenous injection of superoxide dismutase (SOD) into mice could significantly resist the reduction of red blood cells, reticulocytes and white blood cells induced by X-ray (Petkau, Chelack, Pleskach, 1978) . SOD has therapeutic effects because it can eliminate superoxide anions, which is important in various diseases regulated by ROS, such as inflammation (Liu et al., 2009a) . As one of the anti-radiation-induced damage drugs, Cu,Zn-SOD has fewer side effects, but its half-life is short. Heparin was reported to induce protein synthesis in fibroblasts (Tyagi, Kumar, Katwa, 1997) , and modulate the collagen phenotype of porcine aorta smooth muscle cells (Asselot-Chapel et al., 1995) or fibroblasts from radiationinduced subcutaneous fibrosis (Nabout et al., 1989) . Heparin can also increase the concentration of Cu,Zn-SOD in the conditioned medium of fibroblasts (Castellot et al., 1985; Adachi et al., 2001) . Considering the advantages of both Cu,Zn-SOD and heparin, we chemically modified Cu,Zn-SOD with heparin . The immunogenicity of Cu,Zn-SOD was proved to be lowered and the stability was increased after the modification . 125 I-radiolabelled heparin-SOD (Hep-SOD) conjugate was administered into healthy mice by intravenous (i.v.) bolus injection. Compared with Cu,Zn-SOD, the halflife of Hep-SOD conjugate, including t 1/2α and t 1/2β , was lengthened and the area under the plasma concentration versus time curve (AUC) of Hep-SOD was increased (Liu et al., 2010b) . Hep-SOD conjugate is stable in biological systems (Liu et al., 2010a, b) . Our previous studies showed that Hep-SOD conjugate can be delivered in a targeted manner to macrophages, and can attenuate bleomycininduced pulmonary fibrosis, carbon tetrachloride-induced acute liver failure and hepatic fibrosis in mice (Liu et al., 2009a (Liu et al., , 2009b (Liu et al., , 2009c . Also, Hep-SOD can inhibit DNA damage induced by γ-radiation. The radiation-induced damage prevention effects of Hep-SOD in vivo are reported more systematically in this paper, including the detection of alanine aminotransferase (GPT), aspartate aminotransferase (GOT), malondialdehyde (MDA) and L-glutathione (GSH).
MATERIAL AND METHODS

Material
Cu,Zn-SOD was purchased from Kemaipu Biotechnological Co. Ltd., China. Heparin was provided by Dongcheng Biochemical Co. Ltd., China. Amifostine was purchased from Xinxinjiali Co., Wuhan, China. Q-Sepharose Fast Flow was from GE Healthcare Co. Sodium periodate was from the Kemiou Chemical Reagent Development Centre. Acrylamide and ammonium peroxydisulfate were from Sigma, USA and pyrogallic acid was from Alpha, USA. The BCA assay kit, trypsin solution and penicillin-streptomycin solution were purchased from Biyuntian Co., China. SOD, GPT, GOT, MDA and GSH assay kits were from the Nanjing Jiancheng Bioengineering Institute, China.
Animals and animal grouping
Male Kunming mice, weighing 23.0-25.0 g, were purchased from the Experimental Animal Centre of Shandong University, and the laboratory animal Fifty-six mice were randomly divided into seven groups according to their body weight: (I) normal control group; (II) irradiated control group; (III) positive control group (amifostine group, 300 mg/kg); (IV) SOD group (35000 U/kg); (V) high dosage of Hep-SOD group (70000 U/kg); (VI) medium dosage of Hep-SOD group (35000 U/ kg); (VII) low dosage of Hep-SOD group (17500 U/kg). Drugs were intraperitoneally injected into each mouse 1 h before radiation except for the normal control and irradiated control groups. All groups were irradiated except the normal control group. Each group consisted of eight mice.
Preparation of Hep-SOD conjugate
Hep-SOD conjugate was synthesized according to the method reported previously Zhang et al., 2006) . The protein content and enzymatic activity of Hep-SOD were determined by BCA assay kit and SOD assay kit, respectively. The quantity of amino groups was determined by trinitrobenzene sulfonic acid (Habeeb, 1966) .
Radiation protection effects of Hep-SOD in vivo
Establishment of acute radiation-induced mouse injury model
Mice were radiated in the Atomic Energy Institution of Shandong Academy of Agricultural Science with a 60 Co radiation source after each treatment. All mice to be irradiated were grouped in cages. The radiation dosage was 6 Gy at 1.0 Gy/min. Each irradiation procedure lasted for 6 min. The distance between the 60 Co source and the mice was 80 cm. No sedatives were used before or after the radiation.
Evaluation of radiation protection effects of Hep-SOD in vivo
Each mouse was weighed on the eighth day after radiation, had blood collected from the retro-orbital plexus (Simonnet et al., 2009) and was put to death. The radiation protection effect of Hep-SOD in vivo was determined as described below.
Organ indices
The intact thymus and spleen of all the mice were taken and weighed accurately. The thymus index equals the weight of the thymus divided by the body weight and the spleen index equals the weight of the spleen divided by the body weight.
Haematopoietic function indices Splenic nodules (CFU-S)
The spleen from each mouse was put in Bouin solution and fixed for 24 h. The surface of the spleen was washed with 70% alcohol, and then the CFU-S were counted with the naked eye.
Bone marrow nucleated cells (BMNC)
The left femur of each mouse was taken and the muscle tissue on the femur was eliminated. The femoral ends were washed with 5 mL of 3% glacial acetic acid and the bone marrow cell suspension was collected. The suspension was mixed uniformly to count the BMNC in cell-counting plates.
DNA content in bone marrow
The right femur was taken from each mouse and the muscle tissue was eliminated. The femoral ends were washed thoroughly with 5 mmol/L CaCl 2 . The bone marrow eluate was kept at 4 °C for 30 min, centrifuged at 2500 r/min for 15 min and then the supernatant was discarded (Delanian et al., 1994; Lefaix et al., 1996; Pan et al., 2012) ; 5 mL of 0.2 mol/L HClO 4 was added to the precipitate. The dispersed solution was mixed thoroughly and heated in a 90 °C water bath for 15 min. The solution was filtered when the samples were cooled to room temperature. DNA content was detected at A 260 by UV spectrophotometer (Nornura et al., 2000; Davis et al., 2008) .
Counting of peripheral blood cells
Peripheral blood was taken from each mouse. White blood cells (WBC), red blood cells (RBC), blood platelets (PLT) and lymphocytes (LY) were counted immediately by routine blood examination at Qilu Hospital, Shandong University.
Liver function test
Peripheral blood was centrifuged at 4 °C and 3000 r/ min for 10 min and the blood plasma was collected. Then the activity of both GPT and GOT was detected by GPT and GOT detection kits, respectively.
Oxidative stress state detection
Both liver and lung tissues were weighed and 10% homogenates of the tissues were collected with 0.9% NaCl by mortar. The homogenates were centrifuged at 4 °C and then the supernatant was collected. The MDA and GSH content was determined by MDA and GSH detection kits, respectively.
Pathological observation
All the liver and small intestine tissue was taken from each mouse and fixed for 72 h with 10% neutral formalin solution. The slices were dehydrated, waxsealed, sectioned and stained with haematoxylin and eosin successively to observe the pathological changes with an optical microscope.
Data processing
Data were processed by SPSS 12.0 analysis software. All measurements are expressed as the mean ± standard deviation and were subjected to one-way analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) comparison.
RESULTS
Effects of Hep-SOD on the organ indices of irradiated mice
Both spleen and thymus indices of mice decreased by various degrees in the irradiated control group. The results showed that decline of spleen and thymus indices was inhibited effectively by amifostine and high and medium dosages of Hep-SOD. Data are shown in Table I .
Effects of Hep-SOD on haematopoietic function
Our experiments showed that the BMNC and DNA content of bone marrow in 6 Gy-irradiated mice were decreased significantly compared with those of mice in the normal control group without radiation (P < 0.01). When the mice were irradiated, CFU-S of the irradiated mice began to increase with Hep-SOD treatment. Data are shown in Table II . CFU-S increased with the increase of Hep-SOD dosage. When mice were treated with amifostine and high and medium dosages of Hep-SOD, the decrease of BMNC and DNA content were reversed notably. There was no significant difference between the marrow DNA content of the mice in the amifostine-and high and medium dosages of Hep-SOD-treated groups and that of the mice in the normal control group (Table II) .
Effects of Hep-SOD on peripheral blood cell count of irradiated mice
The results showed that all complete blood counts of mice in the irradiated control group decreased after radiation (Table III) . There were statistical differences in WBC, RBC, PLT and LY between the high dosage Hep-SOD-treated group and the irradiated control group (P < 0.05).
Effects of Hep-SOD on liver function of irradiated mice
Data are shown in Figure 1 . The activity of GPT and GOT in peripheral blood increased significantly after radiation, and was lowered by amifostine and high and medium dosages of Hep-SOD. The GPT activity of mice in the high and medium dosages of Hep-SODtreated groups could be kept at the same level as that of the normal control group so we can deduce that Hep-SOD can protect liver function from radiation damage.
Effects of Hep-SOD on MDA and GSH in liver and lung tissue of irradiated mice
The MDA content in lung tissue of mice in both the amifostine-treated group and the high dosage of Hep-SOD-treated group was lower than that in the irradiated control group (P < 0.01), while there was no difference between each treated group. The GSH content of the mice in the amifostine-, SOD-, and high and medium dosages of Hep-SOD-treated groups was higher than that in the irradiated control group (P < 0.01). All the data are shown in Figures 2 and 3 . On the other hand, the content of both MDA and GSH in the liver of mice was not significantly affected by Hep-SOD.
Effects of Hep-SOD on the tissue of irradiated mice
Liver tissue
The structure of the hepatic sinusoids, hepatic plate, hepatic lobules and hepatic cells of mice in the normal control group was regular ( Figure 4A ). There was mild dilatation and hyperaemia in part of the hepatic sinusoids with central vein wall thickening and oedema. Loose, empty cytoplasm and obvious conjugated nuclei appeared in the liver tissue of mice in the irradiated control group ( Figure 4B ). Necrosis of partial liver cells indicated the serious consequences of radiation. There was liver sinus congestion and liver cell swelling in the mice of the amifostine-treated group (Figure 4C ), while the structure of hepatic lobules, hepatic sinusoids, hepatic plates and liver cells was regular with a few regional hepatic sinusoidal dilatations in the mice of the SOD-( Figure  4D ) and high and medium dosages of Hep-SOD-treated groups ( Figure 4E and 4F ). There was occasional liver cell swelling, spotty necrosis and dilated congestive in a minority of liver tissue in mice of the low dosage of Hep-SOD-treated group ( Figure 4G ). All the data in Figure 4 were blindly scored by pathology professors according to the Roussel Uclaf Causality Assessment Method (RUCAM), which showed that there was little damage in mice of the high dosage of Hep-SOD-treated irradiated FIGURE 1 -GPT (A) and GOT (B) activity in the peripheral blood of irradiated mice in different groups. Notes: GPT and GOT activity of 56 mice in different groups was detected, with eight mice in each group. *P < 0.05, **P < 0.01, compared with the irradiated control group.
# P < 0.05, ## P < 0.01, compared with the normal control group.
FIGURE 2 -MDA content in the liver and lung of irradiated mice in different groups. Notes: MDA content of 56 mice in different groups was detected, with eight mice in each group. *P < 0.05, **P < 0.01, compared with the irradiated control group. # P < 0.05, ## P < 0.01 compared with the normal control group. group (Table IV) . Little difference lay between mice of the normal control group and those of the high dosage of Hep-SOD-treated irradiated group.
Small intestine tissue
No pathological changes were found in the mucosa, submucosa, muscular layer or adventitia layer of the small intestine in the mice of the normal control group, amifostine-, SOD-or high and medium dosage of Hep-SOD-treated irradiated groups. There was some regional oedema, hyperaemia, occasional intestinal epithelial cell shedding and nuclear pyknosis in mice of the irradiated control group, while there was sub-regional oedema and hyperaemia lesions in part of the small intestine in mice of the low dosage of Hep-SOD-treated group.
DISCUSSION
The efficacy of SOD in preventing radiationinduced damage has been demonstrated by a series of studies. Delanian et al. (1994) and Lefaix et al. (1996) demonstrated that the intramuscular injection of liposomal Cu,Zn-SOD could decrease skin fibrosis in an animal model and a human clinical trial (Pan et al., 2012) , but SOD has shortcomings such as a short halflife, antigenicity and instability (Liu et al., 2009a ) so our FIGURE 3 -GSH content in the liver and lung of irradiated mice in different groups. Notes: GSH content of 56 mice in different groups was detected, with eight mice in each group. *P < 0.05, **P < 0.01, compared with the irradiated control group.
# P < 0.05, ## P < 0.01, compared with the normal control group. team managed to modify SOD with heparin. Our earlier studies showed that Hep-SOD conjugate can attenuate bleomycin-induced pulmonary fibrosis in vivo, and inhibit the inflammatory cytokine expression mediated by free radicals and DNA damage induced by γ-radiation (Varani, Ward, 1994; Liu et al., 2009b) . In this paper, a Kunming mouse acute radiation-induced injury model was constructed successfully to determine the effects of Hep-SOD conjugate on radiation protection in vivo. The results of pilot experiments showed that vehicle injection had no effect on the outcomes measured. Hep-SOD has radio-protective effects on mice. Bone marrow suppression is mainly shown as symptoms including reduction of peripheral blood cell and haemoglobin content, and atrophy of the thymus gland and spleen induced by inhibition of lymphocytes (Heffner, Repine, 1989) . When radiation occurs, such immune organs as the thymus, spleen and liver can restore haematopoietic function and play a compensatory role in extra medullary haematopoiesis, while occurrence of CFU-S is one of the significant symptoms in the spleen. When treated with high and medium dosages of Hep-SOD, the decrease of BMNC and DNA content was reduced notably. Whether and how Hep-SOD conjugate integrates the antioxidant capacity of SOD and heparin is worthy of further study.
Both MDA and GSH were characterized as the extent of oxidative injury and reduction-oxidation (redox) state of organisms (Varani, Ward, 1994) . The results showed that MDA content in the lungs of mice of all the treated groups was lower than that of the mice in the irradiated control group, and the difference between the amifostine-treated group, the high dosage Hep-SODtreated group and the irradiated group was significant (P < 0.01). It is well known that oxidative stress and endothelial cell injury often cause many pathological symptoms (Tsukamoto et al., 2011) , of which lung injury is one of the most commonly associated symptoms (Freeman, Crapo, 1982; Siflinger-Birnboim, Malik, 1993) . The reason may lie in the sensitivity of endothelial cells to ROS in pulmonary tissue at a systemic level. Therefore, in inflammation and activation of leukocytes, the release of large amounts of ROS into endothelial cells leading to lung injury is the most common complication (Clawson, 1989) . GSH in the liver did not change significantly after radiation. This study shows that Hep-SOD may prevent lung tissue from radiation-induced damage.
When oxidative damage occurs, the membrane permeability of myocardial cells and liver cells will change accordingly so that the two intracellular enzymes, GPT and GOT, of the heart and liver will be released into the blood (Gao et al., 2008) . The activity of GPT and GOT in blood was lowered significantly after amifostine and high and medium dosages of Hep-SOD treatment, indicating their protective effects on liver function from radiation-induced damage. The short-term effects of Hep-SOD on Kunming mice were studied in this manuscript systematically. The survival rate, weight analysis of all the mice 30 days after radiation and dose modifying factor (DMF) of Hep-SOD need to be further studied. The long-term effects of Hep-SOD on radiation-induced damage need to be investigated in future research. Gao et al. (2008) reported that Cu,Zn-SOD can downregulate the activity of cyclin B1 and inhibit the direct conversion of G/M in order to prevent cells from damage caused by radiation. On the other hand, the control animals did not receive any vehicle in the experiment. Although no impact on the mice was found during the pilot experiment, the experiment would be better if the mice in the control group received the same vehicle as the other treated mice.
CONCLUSIONS
The bone marrow suppression of irradiated mice could be reduced obviously when treated by Hep-SOD before radiation. All the results showed that the damage caused by radiation was relieved when the mice were treated by Hep-SOD before radiation so Hep-SOD is a potential drug to prevent organisms from the damage caused by radiation. The mechanism of Hep-SOD also needs to be further studied to clarify how Hep-SOD reduces the radiation-induced damage in vivo.
